Abstract-Wireless Sensor Network (WSN) consist of a large number of sensor nodes which are limited in battery power and communication range and are having multi-modal sensing capability. One of the most significant applications of wireless sensor network is environment monitoring. In this paper, a multi-sensor data fusion algorithm in WSN using fuzzy logic for event detection application is proposed. In the proposed method, each sensor node is equipped with diverse sensors (temperature, humidity light, and Carbon Monoxide). The use of more than one sensor provides additional information on the environmental condition. The processing and fusion of these diverse sensor signals are carried out using proposed fuzzy rule based system. All the diverse sensor signals are collected at the cluster head and fused using fuzzy rule based method. The multiple data fusion process improves the reliability and accuracy of the sensed information and thereby minimizes the false alarm rate.
INTRODUCTION
With the recent advances in Micro-Electronics technology, low power digital circuitry and RF communication capabilities have enabled the development of low-cost, low-power, small size sensor nodes [1] . Due to this advancement in technology, WSN enable the vast amount applications such as security, radioactivity, environment monitoring, physical movement of objects, sensing (temperature, pressure speed) and a variety of military applications. Wireless sensor network consists of a large amount of these sensor nodes equipped with sensing, communication and processing capabilities. Sensor nodes are densely deployed spatially distributed and automatically organized to detect process and communicate the physical information of the network covered area [2, 3] . Sensor nodes are limited in memory, computation and communication capabilities, but higher performance and finer grain of environment monitoring can be achieved through coordination among sensor nodes.
In most of the applications, the sensors in the network are deployed randomly and are expected to perform their mission properly and efficiently. The harsh environments and energy constraint make many sensors inoperable. Failure of one or few nodes does not affect the operation of the network due to its fault tolerant. The network topology is continuously and dynamically changing. The communication topology affects the lifetime of a sensor node and thereby affects the reliability of a system [4] .
Wireless communication channel is unpredictable and error-prone due to the noise present in the channel. Enhancement of noisy message data is a very challenging issue in many research and application areas. For real time application, reliable data delivery is a real challenging issue in WSN. A critical event detected by the sensor network should be delivered to the user as soon as possible. Thus, for sensor networks, reliability and latency are important design parameters in addition to energy efficiency [5] .
The lifetime of a sensor node mainly depends upon the battery source. According to sensor node data sheets, the node will consume less power for processing than the communication (transmitter) activity. Therefore data fusion process in the cluster head using fuzzy logic is proposed to minimize the communication activity. Data Fusion technique produces a single data by aggregating information from a set of different source data. The fused data also contains greater information content for the event than any one of the individual event sources alone. Features are extracted from different sensors and are merged to provide more accurate information. The reliability and overall detail of the information is increased because of the addition of analogous and complementary information [6] .
The atmospheric events are complex, ambiguous and vague in nature. Fuzzy set theory provides an appropriate tool in modeling the imprecise data [7] . Therefore, in this article an algorithm is proposed using fuzzy ruled based system. Fuzzy techniques for treating uncertain qualitative information include fuzzy set theory, fuzzy arithmetic and mathematics, fuzzy logic, fuzzy decision making and fuzzy control. Rulebased fuzzy operators are a novel class of operators specifically designed in order to apply the principles of approximate reasoning. > 439 < 978-1-4244-2806-9/08/$25.00© 2008 IEEE 2
The remaining of this paper is organized as follows. Related work and motivation for our work is discussed in section II. Section III will explain the basic fuzzy set theory. In Section IV, data fusion framework for event detection is discussed which includes WSN architecture and fuzzy inference system. Section V discusses results and concluding remarks. Finally, Section VI presents the conclusions.
II. RELATED WORK AND MOTIVATION
Most of the research work in wireless sensor network is done towards improving and increasing the lifetime of sensor network by proposing new energy efficient routing protocols. Much of the work is also done towards data aggregation technique to increase the sensor node battery life time thereby improving the lifetime of a sensor network.
M. Demirbas [8] presented a feasibility study of monitoring large public buildings using wireless sensor networks, and listed some of the open research problems towards detecting an event using wireless sensor network. Aircraft dry bays and engine compartment fire detection system is proposed in [9] , where the authors used a fuzzy inference system to detect a fire. This research focuses on fire detection system using image analysis technique. Using statistical measures of histogram and subtraction data of successive frames, fuzzy if then rules are used to compute the probability of fire. The work in [10, 11] proposes fire detection system using neural network and fuzzy inference system. In this research work, multiple sensors data is transmitted to the user through RS 232 cable to detect fire. Most relevant work [12] is the D-FLER, fuzzy logic engine for rule based wireless sensor network. The model considers only two parameters to detect an event. Chair and Varshney [13] proposed a data fusion algorithm for local decision-making by using the minimum probability of error criterion. To implement the rule, the probability of detection and the probability of false alarm for each sensor must be known, but this information is not always available in practice.
III. FUZZY SETS
The concept of fuzzy set and fuzzy logic was introduced by Zadeh in 1965. His intention in introducing the fuzzy set theory was to deal with problems involving knowledge expressed in vague, linguistic terms. A crisp set is a collection of elements with some properties and each element is either belonging to set or not. In crisp set, there is no ambiguity or vagueness as for the belonging of each element to the set concerned. A fuzzy set is a set with each element in a set having graded membership in the real interval [0, 1]. That is, elements can belong to a fuzzy set to a certain degree. Fuzzy set theory can be defined as a collection of elements in a universe of information where the boundary of the set contained in the universe is ambiguous, vague, and otherwise fuzzy. Consider a universal set X and whose elements in the set are x. A fuzzy subset in X is [7, 14, 15] .
IV. DATA FUSION FRAMEWORK FOR EVENT DETECTION

A. Overview
This section introduces the novel method of event detection in WSN. We considered the fire detection as an example for event detection. In traditional fire detection system, multiple sensors like Carbon Monoxide (CO) sensor, smoke density sensor and temperature sensor are used to detect the fire. These sensors data is accessed through the wire.
In clustering architecture, the sensors are grouping themselves to form a cluster with one node as a cluster head (CH). The clustering algorithm partitions the network into smaller area called cluster. There are number of clustering algorithms proposed for WSN in different contexts [16] . The architecture of a cluster based WSN is shown in Fig 1. All the sensor nodes send their data to the CH which aggregate and forward only the meaningful data to the sink i.e., base station (BS). The sink collects the data from all the CH which transmits the data to the user via Internet or satellite. With the recent advancement in the semiconductor technology, the computational capability and the size of the memory is increased a lot. With this promising technology most of the computation is done at the sensor level and the real time decision making algorithms will be stored in a sensor node. Sensor node data sheets and analysis shows that 3 million instructions can be executed for the same amount of energy consumption while transmitting a 1Kb of data to a distance of 100 meters [2] . Recently, Berkeley Mote introduced a smart sensor board built up with different types of sensors as shown in Fig. 2 with on-board microprocessor and ready-made wireless communication capabilities [17] . One example is a MTS310 sensor board which has acceleration, magnetic, light, and acoustic and temperature sensors [18] . Each sensor node collects the environmental information like temperature, humidity, light intensity, smoke density and the amount of Carbon Monoxide (CO) and transmits it to the CH. Table I shows the sample data collected from five sensor nodes in a cluster. In the proposed method each sensor data in a node is randomly generated by Monte Carlo simulation. The mean of the each variable is estimated and given to Fuzzy inference engine as in input. Based on the mean value, fuzzy inference system fuses all these data and identifies the event. 
B. Fuzzy inference system for event detection
The decision network of the new detection algorithm is realized by a fuzzy expert system. Fig. 3 illustrate the structure of a fuzzy logic system with multi-sensor Fuzziness describes event uncertainty and impreciseness of linguistic terms. Fuzzy logic fits best in applications where the variables are continuous and/or mathematical models do not exist or traditional system models become overly complex [9] . WSN is typically used to monitor some parameters of an environment process. The atmospheric events are complex, ambiguous and vagueness embedded in their nature. Consequently, a fuzzy based approach is a viable option. The model of fuzzy logic system as shown in Fig. 3 consists of fuzzification, fuzzy rules, and fuzzy inference system and defuzzification process. 
1) Fuzzification
The fuzzification is the process of transforming crisp values into fuzzy linguistic variables. The membership function is used to associate a grade to each linguistic variable. Selection of the number of membership functions and their initial values is based on process knowledge and intuition. A membership function has value between 0 and 1 over an interval of crisp variable. The number of membership functions can vary to provide the resolution needed. Number of rules can grow exponentially as the number of input membership functions increases.
In our fire detection algorithm temperature, humidity, smoke, CO, and light intensity are the input fuzzy variables and the fire probability is the output variable. The membership functions LOW, MEDIUM and HIGH are defined on each input variable and VLOW, LOW, MEDIUM, HIGH and VHIGH are defined on output variable.
Figs. 4 to 7 show the membership graph for input variables temperature, humidity, light intensity and CO, respectively. In our example, the fuzzy sets LOW, MEDIUM and HIGH are defined as trapezoidal, triangular, and trapezoidal membership functions respectively. 
2) Fuzzy Inference System
The fuzzy inference system consists of fuzzy rules (IF antecedent THEN consequent) that are devised by an expert knowledge base or through system input-output learning. Gaussian, triangle, and trapezoid functions are the most commonly used membership functions. In the fuzzy rules, triangular and trapezoidal-shaped membership functions are used for the variables to simplify the computations. The core of fuzzy system is this rule base system which mimics human reasoning. The most commonly used fuzzy inference technique is Mamdani method. Fuzzy rule base drives the inference system to produce fuzzy outputs, which are defuzzified to get system outputs.
The Fuzzy if-then rules in expert system are usually in the following for [7] , [9] =3*3*3*3*3=81 rules are used, which are all possible combinations of the input variables. Thus some of the example rules in this rule based system are as follows: IF Temperature is low and humidity is high and light intensity is low and CO is low THEN Fire probability is low.
IF Temperature is medium and humidity is low and light intensity is high and CO is high THEN Fire probability is high. .IF Temperature is high and humidity is low and light intensity is high and CO is high THEN Fire probability is very high. . Membership funcitons and sample fuzzy calculation for fire probability
The rules are created using the Fuzzy Inference System (FIS) editor contained in the Matlab Fuzzy Toolbox [19] . Fig .9 shows a sample fuzzy calculation of a fire probability based on the amount of temperature, humidity, light intensity and carbon monoxide. Figs. 10 to 12 shows a control surface of a fire probability based on the above parameters Figure 10 . Surface view of fire probability with respect to temperature and Light intensity Figure 11 . Surface view of fire probability with respect to temperature and humidity Figure 12 . Surface view of fire probability with respect to temperature
3) Defuzzification:
The transformation from a fuzzy set to a crisp number is called defuzzification. There are many kinds of defuzzification methods, usually maximum membership and centroid techniques are used. In practice, defuzzification is done using centroid method. It is given by the following formula V. RESULTS
In the proposed algorithm event parameters are detected in detector by setting threshold value. Only when sensor nodes detect an event parameter by comparing threshold value will trigger the transmitter and will transmit to the base station. Cluster head receives the parameters (temperature, humidity,..,) by these triggered sensor nodes and will compute the mean value of these parameters. Event parameters are generated by Monte-Carlo simulations and mean of the each parameter is estimated and is depicted in Table I . Based on the mean value of the sensor readings, the fuzzy logic system gives the event probability in the crisp form. A sample output of a fire probability is as shown in Table II . From the first row of the table, it can be seen that temperature is low (38), humidity is high (34), light intensity is low (303) and CO concentration is medium (71) then fire probability is low (50%) while using only temperature and CO sensor the fire probability is 30%. Similarly for very high (90 %) fire probability based on sensor values
VI. CONCLUSIONS
In this paper, we proposed a fuzzy logic approach for event detection using wireless sensor network. We considered fire detection as an example in our event detection system. Our proposed fuzzy logic approach effectively handles the uncertainty and vagueness present in the environment data. The proposed event detection method improves the accuracy of event detection by processing multiple sensors data. Our approach shows that the wireless sensor network is a very promising system for event detection with low false alarm rate. More accurate, useful and comprehensive information can be gathered by deploying sensors at multiple points. The rules can be easily adjusted and modified based on the environmental parameters.
